Abstract: The goal of this study is to develop a 3-dimensional elastic
INTRODUCTION
The purpose of this study is to develop a 3-dimensional elastic cable finite element which considers the sliding effect of cables. This was achieved using the geometric nonlinear cable finite element based on elastic catenary theory. The elastic catenary cable finite element on the vertical cable plane was developed by Chang and Park [1] , and is based on the well known elastic catenary cable theory [2] and employed in the spatial modeling of cable members through a simple coordinate transformation on the horizontal plane [3] . Ahn [4] and Park [5] formulated the 3-dimensional profile expressions of an elastic catenary cable element subjected to self-weight only. Until recently, continuous model updates have been performed by the Seoul National University [6, 7] , but the model still does not take into account the cable sliding effect. Recently, a multi-node cable element allowing sliding without friction at its nodes has been developed by Kim et al. [8] . A two-node truss element was extended to a multi-node truss element which maintains constant tension but is connected through several nodes without friction. However, its tangential stiffness is derived under the linear elastic condition and assumes that the cable is straight before and after deformation occurs. This research was originally planned for application to the external pre-stressing method using strands based on Troitsky's theory [9] . `In this paper, two types of sliding were considered: the roller sliding condition without friction and the frictional sliding condition. These were formulated to derive the nodal force vectors and tangential stiffness matrices. To validate the 3-dimensional cable sliding element developed here, experiments representing both sliding conditions were conducted and compared with calculations of the amount of sliding at the saddle and the displacement at the loading point. This paper describes the formulation of the cable sliding problem using the elastic catenary cable element. In addition, a simplified cable-supported structural system was analyzed to investigate the characteristics of a realistic structure with cable sliding but this result can be seen in reference [10] . This study classifies an instance of cable sliding as either roller sliding without friction, or as frictional sliding. Figure 1 (a) and (b) show elastic catenary cable elements which consider roller sliding and frictional sliding, respectively. When defining the nodal force vector, which is a nonlinear function of displacement, the nodal force due to the length of cable sliding is added to the nodal force vector due to the nodal displacement. 
NUMERICAL FORMULATION OF CABLE SLIDING

Local nodal displacement and force vector
where for roller sliding
and for frictional sliding
Geometrical compatibility equations
The geometric compatibility equation, which is a nonlinear function of cable element force, is also defined by the parameter of cable sliding length. The geometric compatibility conditions can be defined as in the following equation for both roller and frictional sliding:
Derivation of tangential stiffness matrix
The element tangential stiffness matrix element was defined based on elastic catenary theory as in Eq. (6), and each component was derived separately in five groups as indicated. 
A major difference from the conventional elastic catenary element is found in the following components:
The procedure used to evaluate these components are described in reference [10] .
Experimental verification
Experimental program
Figure 2: Test configuration (unit: mm)
A simple experiment was conducted to validate the element developed which included 2-and 3-dimensional roller and frictional sliding. Figure 2 show the test configuration employed in this test. The test model consisted of a wire with a 4 m long span, and a steel pylon with a height of 2,430 mm at the top of which a saddle system was mounted. Both ends of the wire were fixed at each support. In the 3-dimensional test model, the saddle was installed at the top of the pylon which deviated 3,525 mm from the center line at an angle of 35 degrees from the ground plane (See Figure 2) . A roller bearing was employed to eliminate the friction effect.
The cable was modeled by a wire with diameter, cross-sectional area, and modulus of elasticity of 4.76 mm, 17.8 mm 2 , and 195 GPa, respectively. Several external loading steps using balance weights were applied at quarter distances from the pylon. The cable sliding at the saddle and the vertical displacement at the loading point were measured using laser displacement measurement equipment. Calc.
Comparison with calculations
Meas.
Ratio (1)/ (2) Calc.
Ratio (3) Calc.
Meas. Elastic catenary cable element developed was validated through comparison with the experimental results found in this study. In calculations, the moving friction coefficient β was experimentally determined to be 0.25 for the materials used in this test. Table 1 and Figure 3 show a comparison of the measured and calculated sliding lengths at the saddle. Table 2 and Figure 4 show a comparison of the vertical displacement at the loading point. As seen in these tables and figures, roller sliding resulted in a larger sliding length at the saddle and a greater vertical displacement at the loading point than frictional sliding. The calculated sliding length at the saddle was in good agreement with the measured values for both roller sliding and frictional sliding. The average calculated-to-measured ratio for roller sliding was 0.99 with a standard deviation of 0.05. The average calculated-to-measured ratio for frictional sliding was 1.09 with a standard deviation of 0.23. If the ratio of 1.55 at a relatively unstable initial loading step is disregarded, even better agreement can be expected (See Table 1 and Figure 3 ).
The calculated vertical displacement at the loading point was in good agreement with the measured values for both types of sliding. The average calculated-to-measured ratio for roller sliding was 0.95 with a standard deviation of 0.02, while for frictional sliding, the average calculated-to-measured ratio was 0.97 with a standard deviation of 0.04 (See Table 2 and Figure 4 ). As previously mentioned, 2-dimensional tests and numerical calculations were conducted and also showed good agreement.
CONCLUSIONS
A 3-dimensional, elastic catenary cable element which considers cable sliding is presented. This model is based on the theory of the geometric nonlinear cable finite element. Cable sliding is classified into two types: roller sliding without friction and frictional sliding. The element we developed was validated by comparing the measured and the calculated responses of a simple test model of a cable-supported structure. Based on our results, the following conclusions can be drawn:
The calculated sliding lengths at the saddle for both roller and frictional sliding were in good agreement with measured values. The average calculated-to-measured ratio for roller sliding was 0.99 with a standard deviation of 0.05, while for frictional sliding, the average calculated-to-measured ratio was 1.09 with a standard deviation of 0.23. The calculated vertical displacements at the loading point for both roller and frictional sliding were also in good agreement with the measured values. The average calculated-to-measured ratio for roller sliding was 0.95 with a standard deviation of 0.02, while for frictional sliding, the average calculated-tomeasured ratio was 0.97 with a standard deviation of 0.04. In addition, a cable-supported structural system was analyzed to investigate the characteristics of a realistic structure with cable sliding. This result can be seen in reference [10] The finite element presented here provides a useful tool for the nonlinear analysis and geometry control of cable-supported structures subjected to extreme loads such as earthquakes and strong winds. 
